Metamaterials offer unprecedented flexibility for manipulating the optical properties of matter, including the ability to access negative index 1-4 , ultrahigh index 5 and chiral optical properties [6] [7] [8] . Recently, metamaterials with near-zero refractive index have attracted much attention [9] [10] [11] [12] [13] . Light inside such materials experiences no spatial phase change and extremely large phase velocity, properties that can be applied for realizing directional emission [14] [15] [16] , tunnelling waveguides 17 , large-area single-mode devices 18 and electromagnetic cloaks 19 . However, at optical frequencies, the previously demonstrated zero-or negative-refractive-index metamaterials have required the use of metallic inclusions, leading to large ohmic loss, a serious impediment to device applications 20,21 . Here, we experimentally demonstrate an impedance-matched zero-index metamaterial at optical frequencies based on purely dielectric constituents. Formed from stacked silicon-rod unit cells, the metamaterial has a nearly isotropic low-index response for transversemagnetic polarized light, leading to angular selectivity of transmission and directive emission from quantum dots placed within the material.
Metamaterials offer unprecedented flexibility for manipulating the optical properties of matter, including the ability to access negative index [1] [2] [3] [4] , ultrahigh index 5 and chiral optical properties [6] [7] [8] . Recently, metamaterials with near-zero refractive index have attracted much attention [9] [10] [11] [12] [13] . Light inside such materials experiences no spatial phase change and extremely large phase velocity, properties that can be applied for realizing directional emission [14] [15] [16] , tunnelling waveguides 17 , large-area single-mode devices 18 and electromagnetic cloaks 19 . However, at optical frequencies, the previously demonstrated zero-or negative-refractive-index metamaterials have required the use of metallic inclusions, leading to large ohmic loss, a serious impediment to device applications 20, 21 . Here, we experimentally demonstrate an impedance-matched zero-index metamaterial at optical frequencies based on purely dielectric constituents. Formed from stacked silicon-rod unit cells, the metamaterial has a nearly isotropic low-index response for transversemagnetic polarized light, leading to angular selectivity of transmission and directive emission from quantum dots placed within the material.
Over the past several years, most work aimed at achieving zero index has been focused on epsilon-near-zero metamaterials (ENZs), which can be realized using diluted metals or metal waveguides operating below cutoff. These studies have included experimental demonstrations in the microwave 9, 14 , mid-infrared 13 and visible regimes 12 . ENZ metamaterials have a permittivity 1 near zero and a permeability m of unity, resulting in a near-zero refractive index (n = m1 √ ). However, because the permeability remains finite, the relative optical impedance (Z = m/1 √ ) is inevitably mismatched from free space, resulting in large reflections from the interface. Impedance-matched zero-index metamaterials (ZIMs), in which both the permittivity and permeability are set to zero, eliminate these strong reflections and have recently been demonstrated at optical frequencies using metal-based fishnet structures 11 . However, fishnet metamaterials do not have isotropic optical properties, and the use of metals inevitably introduces ohmic loss that will limit the thickness of the material.
Resonant all-dielectric metamaterials offer one potential solution to these issues [22] [23] [24] . Formed from high-refractive-index resonators, dielectric metamaterial unit cells support an electric and magnetic dipole response due to Mie resonances. Proper control of the lattice arrangement, resonator geometry, and composition allows control over the effective permittivity and permeability of the metamaterial. Because of the absence of ohmic loss, dielectric metamaterials can be much less absorptive than their metallic counterparts, and their simple unit-cell geometries offer the possibility to achieve three-dimensional isotropic metamaterials 25 , a task that has proven challenging when utilizing more complicated metal-based unit cells 21 . However, while magnetic modes in high-index particles have recently been characterized experimentally at optical frequencies 26, 27 , implementations of dielectric metamaterials have so far been limited to the microwave 25, 28, 29 and mid-infrared regimes 30 .
Here, we report the first experimental demonstration of an alldielectric ZIM operating at infrared frequencies. The design of the metamaterial is based on a recent proposal reported in ref. 10 in which it was shown that a metamaterial made of purely dielectric high-index rods can exhibit a Dirac cone at the G point in the band structure, a feature that is similar to the electronic band structure in graphene 31 . At the Dirac point, the metamaterial exhibits zero effective permittivity and permeability, resulting in an impedance-matched ZIM. Experiments at microwave frequencies have demonstrated some of the unique properties arising from an effective index of zero 10 , such as cloaking and lensing. However, a demonstration at optical frequencies has yet to be provided. Here, we implement a ZIM at optical frequencies using vertically stacked silicon rods, allowing access from free space. We demonstrate that the optical ZIM serves as an angular optical filter while also enhancing the directivity of spontaneous emission from quantum dot light sources embedded inside the structure. The experimental results, together with numerical calculations, serve as direct evidence of impedance-matched near-zero index within the metamaterial.
The fabricated ZIM consists of 200-mm-long silicon rods that support electric and magnetic resonances, and are separated by a low-index material-silicon dioxide (SiO 2 ) ( Fig. 1a ). One of the consequences of low or zero index is that light will not be guided using a conventional slab waveguide, so the material must be fabricated for free-space access when metal or other reflective cladding layers cannot be utilized. To realize a free-space-accessible material, fabrication began with a multilayer stack of 11 alternating layers of a-Si (1 ¼ 13.7, thickness ¼ 260 nm) and SiO 2 (1 ¼ 2.25, thickness ¼ 340 nm) followed by patterning and reactive ion etching (RIE) (see Supplementary Section S2 for details). In the final step, poly(methyl methacrylate) (PMMA) (1 ¼ 2.23) was spin-coated onto the sample to fill the air gaps. Figure 1b presents a cross-section of the fabricated structure before final PMMA spin-coating, and the inset depicts a sample after spin-coating. A total of five functional layers (Si/SiO 2 pairs) results in a metamaterial with a thickness of 3 mm, about twice the free-space wavelength at the zero-index point.
The band structure corresponding to the bulk ZIM (infinitely thick), consisting of a stack of square-cross-section silicon rods embedded in SiO 2 with w ¼ t ¼ 260 nm and a ¼ 600 nm (Fig. 1a ), is shown in Fig. 2a . The band structure is computed for transversemagnetic (TM) polarization with the electric field oriented along the rod axis, and the Dirac cone-like dispersion can be observed at the centre of the Brillouin zone where two transverse bands with linear dispersion intersect a flat quasi-longitudinal band, resulting in triple degeneracy. We utilized field averaging of the Bloch modes 32 to retrieve the effective bulk optical properties of the metamaterial (Fig. 2b) , and simultaneous zero permittivity and permeability were obtained at the triple degeneracy frequency of 211 THz (l 0 ¼ 1,422 nm). This response is directly attributable to a linear combination of electric monopole and magnetic dipole Mie resonances within the silicon rods ( Fig. 2b, inset) , allowing the effective constitutive parameters to be extracted accurately using effective medium theory 33 . This was confirmed by the excellent agreement between the extracted propagation vector, acquired using field averaging, and the computed band structure around the triple degeneracy point. A relatively broadband impedancematched low-index region is present around the zero-index point, and over the frequency range 215-225 THz there is only one propagating band, TM4. The isofrequency contours (IFCs) over this frequency range are shown in Fig. 2c , and are shown to maintain a nearly circular shape. These features, combined with the fact that only the fundamental mode is excited within this region, allow us to define a relatively isotropic effective index of refraction for the structure for TM-polarized light over this bandwidth (see Supplementary Section S1 for further details regarding homogenization of the material). This all-angle response is critical for preserving the unique physics associated with low-or zeroindex materials, such as directionally selective transmission and emission from within the material. It should be noted that in a perfectly homogeneous zero-index metamaterial, the flat longitudinal band is not accessible with TM-polarized light. However, due to finite spatial dispersion, this band becomes quasi-longitudinal in our case and is accessible at off-normal angles of incidence. As can be seen from Fig. 2a , the band bends down and is accessible for off-normal incidence at frequencies at and below the Dirac point (extended states of the crystal are provided in Supplementary  Fig. S1b ). In this frequency region, a refractive index cannot be assigned for off-normal incidence, and directionally selective transmission is not preserved.
Although these bulk parameters are used as a design guide, the fabricated metamaterial has both a finite thickness and nonuniform rod sizes, and will thus deviate somewhat from the bulk parameters. To better understand the optical response of the fabricated metamaterial, full-wave finite-difference time-domain (FDTD) simulations were performed, and S-parameter retrieval 34, 35 was used to compute the effective optical properties ( Fig. 3a,b ). Because of the non-uniform rod size, the impedance-matched point in the fabricated structure is shifted to 1,400 nm, corresponding to n eff ¼ m eff ¼ 1 eff ¼ 0.12. It can also be observed that a metallic region is opened from 1,432 nm to 1,457 nm in which the permittivity is negative but the permeability remains positive. The metamaterial exhibits a negative-index region beginning at 1,457 nm, although this region cannot be assigned with optical properties for arbitrary angles of incidence due to the presence of the quasilongitudinal band that is accessible at large incident angles.
To gauge the agreement with the simulated material properties, the transmittance of the fabricated ZIM was acquired by illuminating the sample with normal-incident white light with the electric field oriented along the silicon rod axis (Fig. 3c) . The simulated and measured transmittance show excellent agreement in spectral shape, although the experimentally obtained curve has a lower amplitude, probably due to non-uniformity in the rod width at the edges of the sample as well as surface roughness. The measured spectrum shows a peak transmission of 80% at 1,409 nm, the spectral position corresponding to the impedance-matched low-index point. A dip in transmission also occurs at 1,460 nm, corresponding to the metallic region of the sample.
One of the most fascinating properties of isotropic low-index materials is that light incident from free space is only transmitted over a narrow range of incidence angles. This effect is a direct consequence of phase-matching at the interface, which requires that the wave vector along the interface be conserved. As illustrated with the IFCs depicted in Fig. 4a , in a low-index metamaterial, the wave vector is restricted to extremely small values, causing light incident at high angles (k y,0 . |k ZIM |) to be reflected while near-normal incident light is transmitted (k y,0 , |k ZIM |). This effect is evident when examining the simulated transmittance versus wavelength and angle of incidence (Fig. 4b) for the fabricated ZIM. The material exhibits near-zero transmission at an off-normal incident angle within the positive index band centred at 1,400 nm, with improving angular confinement in transmission as we approach the zero-index point. The presence of the quasi-longitudinal band within the negative-index region (l 0 ≈ 1,475 nm) is also apparent, allowing transmission at large incident angles.
To verify experimentally that the fabricated ZIM preserves these features, light transmitted through the sample was imaged in the Fourier plane. Illumination was provided by a femtosecond synchronously pumped optical parametric oscillator (Coherent, MIRA OPO) that was focused with a large-numerical-aperture objective (NA ¼ 0.85), providing incident angles up to 58.28. The acquired Fourier images ( Fig. 4c-g) show confinement of light along the y-axis of the material, which is in the direction of in-plane periodicity. Within the low-index region between 1,400 nm and 1,475 nm, tighter confinement of k y is observed with progressive lowering of the refractive index, in agreement with the simulated data. Confinement is absent in the x-direction due to the fact that the electric field is no longer directly along the rod axis for these incident angles. The directional filtering of transmission demonstrates that a nearly isotropic low index for TM-polarized light is indeed preserved within the fabricated metamaterial.
An additional consequence of the near-zero spatial phase change is that incoherent isotropic emitters placed within the ZIM will tend to emit coherently in the direction normal to the air-ZIM interface [14] [15] [16] . To demonstrate this effect, we first simulated the emission from a line source placed both in the centre of the material as well as sources distributed throughout the volume of the material, emitting at a free-space wavelength of l 0 ¼ 1,425 nm (Fig. 5b ). Both emission profiles are confined to an overall angular spread of 108 and are not sensitive to the position of the emitter. The two small side lobes at 2608 and 608 are due to scattering from the corners of the metamaterial, an effect associated with having a material with finite area. For experimental demonstrations, we placed PbS semiconductor quantum dots within the ZIM to act as the emitter. The quantum dots had a luminescence peak centred at 1,420 nm and a full-width at half-maximum of 172 nm. The quantum dots were sandwiched between two PMMA layers within the ZIM, and were excited with a tightly focused 1,064 nm laser beam (see Supplementary Section S3 for emission spectrum and fabrication procedure). The Fourier-plane images (Fig. 5c-f ) from both an unstructured PMMA/quantum dot film and quantum dots placed within the metamaterial show good angular confinement in the y-direction and an over twofold increase in intensity emitted normal to the interface from the ZIM compared to the unstructured sample. The increase in emission normal to the interface is a result of the uniform phase distribution within the ZIM leading to constructive interference from emitters throughout the material 12 , further supporting the realization of a near-zero refractive index. The constructive interference of multiple emitters is in competition with the reduced optical density of states associated with the low-index response. For instance, if the number of emitters is reduced to one, the emitted power in air will be greater than the ZIM in all directions. However, as expected for constructive interference within the material, the far-field intensity of waves propagating normal to the interface is proportional to the number of emitters squared (Supplementary Section S1g). We also note that although the luminescence peak of the quantum dots matches the low-index band of the fabricated ZIM structure quite closely, parts of the emission fall beyond the low-index band, resulting in slightly lower angular confinement compared with the transmission data.
Here, we have experimentally demonstrated the first all-dielectric zero-index metamaterial at optical frequencies, which exhibits a nearly isotropic low-index response for a particular polarization, resulting in angular selectivity of transmission and spontaneous emission. The realization of impedance-matched ZIMs at optical frequencies opens new avenues towards the development of angularly selective optical filters, directional light sources and largearea single-mode photonic devices. Furthermore, the advent of all-dielectric optical metamaterials provides a new route to developing novel optical metamaterials with both low absorption loss and isotropic optical properties.
Methods
Simulations. Numerical simulations were carried out with the measured permittivity value of single-layer a-Si deposited on quartz. The band structure was calculated using MIT photonic bands, and the fields at the boundary of the unit cell were extracted to compute the effective optical properties via field averaging, preserving the continuity of the tangential and normal averaged field components. FDTD simulations (CST Microwave Studio) were used to calculate the complex transmission and reflection coefficients, which were then used in S-parameter retrieval. The transmittance with respect to wavelength and angle of incidence was computed with finite-element method simulations (Comsol Multiphysics).
Sample fabrication. Five functional layers of a-Si (260 nm) and SiO 2 (340 nm) with an additional 170 nm SiO 2 layer (total of 11 layers) were deposited on 4-inch quartz wafers using low-pressure chemical vapour deposition. An etch mask composed of chromium was defined using electron-beam lithography, and RIE (Oxford Plasma Lab) was used to structure the multilayer film. During RIE the chemistry was adjusted with etch depth so that the alternating silicon and SiO 2 layers could be patterned in a single process step. To ensure that PMMA completely filled the structure, a vacuum was used to remove air bubbles, followed by soft baking. Complete filling of the PMMA was confirmed using focused ion beam cross-sectioning at multiple points in the sample. 
